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Web page

Web-page of mini-conference at APS 2000 (October 25-26, 2000, Que-
bec, Canada) "Lithium covered walls and low recycling regimes in toka-
maks"

http://www.pppl.gov — Meetings — Lithium Walls 2000

Titles of the mini-conference talks
will be linked with
presentations and supporting stuff.
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Abstract

Power extraction from the Scrape-Off Layer using fast liquid metal jets is being analyzed. A numerical
code solving thermal diffusion equation inside the body of the jets has been created. The results of
calculations are expressed in terms of the form factor in formula for the surface heating by a unifirm
ehenrgy flux. The form factor depends on ratio of heat penetration distance and the diameter of the
jets, as well as spacing between jets and inclination of the magnetic field ines. In the tokamak case
when the energy flux follows magnetic field lines, discreetness of the jets is dramatically reduced with
respect to continuous flow. It was found that the optimal size of jets is crutial for heat extraction by metal
jets.
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1 Basics of liquid lithium MHD

There 3 magnetic Reynolds numbers which control lithium MHD in toka-
maks

dynamics: Ry = pgolLV,
electro-dynamics: R, = poohV,

, h?
dynamics: %, = po—V, (1.1)

for lithium : o ~ 4 ﬁf

} Bperp

Lithium flow
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1 Basics of liquid lithium MHD (cont.)

Dynamic pressure losses are determined by &, and ®,

2 mw
Ro : Db<| = oo LV ==,
2 2H0 (1.2)
Ro: A v ﬁxb Bi |
2 - bﬂ = KOQN w|to.
Magnetic fields from the currents in the stream are determined by ®,
@WH : m:oi — m_:s = toQba\mF. C.wv
Magnetic pressure:
B? B?
B=1T—-—=4|atm], B=5T— — =100 [atm]. (1.4)
20 2140
Characteristic flow
parameters Li Ga| SnLi o
12 Lithium is most

— =1 [atm] v |19.23| 5.67| 5.37|[m/sec] |gysceptible  to

2
v —20|[m/sec] | )| 1.08 12.45/13.88 [atm] |MHD effects
[0 4 ? ? | [sec/m?]
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1 Basics of liquid lithium MHD (cont.)

Lithium “water-falls” are incompatible at the basic level with the tokamak
strong toroidal field

h=01m, L ~02m, Ly~3m, V >2-5|m/sed,

Ro=4LV => 1.6,

R |%|M<|ghg<vzo8|o8m
2 — N.\w — N\m = U. . .

(1.5)

<m mm
p— < mﬂwwb tor
2 2o

fqrce
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1 Basics of liquid lithium MHD (cont.)

Momentum driven thin walls have a lot of unresolved problems in lithium

MHD
h=001m, L;~0.02m, Ly~3m, V ~20|m/sec|,
\wm 1.6
Ro=4—V ~13-107% (1.6)
Ly
7 \_umo
Plasma V2 B2
Ry =1.6, p— < Ry
\Y% v : 0 P 2 0 240
e Y A
sV ?
Centrifugal K
force R
N
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1 Basics of ligquid lithium MHD. Intense lithium streams (cont.)

Magnetic propulsion makes MHD of intense lithium streams compatible
with tokamaks (at least at the basic level).

77

Lijets V

e Stream are robustly stable
due to centrifugal force

Force
. (V3 a
Li stream

P 7 9R

He atmosphere

B? h?
ﬁ.mxmw_@.imu = ﬁuxw_oﬁimﬁ > %m Mﬁoﬁ“ %m = .RoQ.|a\ ~ (0.0015
o R
e Driving electromagnetic
D\::EBEB between TF Coils U_\mmmr_ﬁm Nu.wxw_cﬁimw > L atm

_ w\ PijxBlintet — DjxBlouttet = 1.5 — 3 [atm]
5 ( Pressurized
3 02 e e Flow parameters
M stream ﬂ\ Li stream V ~ 20 S\mmﬁ“ h~0.01m

3 1Y e Magnetic Reynolds numbers

Ke) = —

| E olasima — R = uoohV ~ 0.8, Ry ~ 0.0015

<m:‘mm:3

Pwall Ty

)
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2 MHD of metal jets

Electric current in fast jets is excited because of inhomogeneity of the
magnetic field. Its interaction with the magnetic field leads to losses in
Kinetic energy

E\w mw E\w mw toqvﬁ\
N H|I> DN H|I> |‘ H MH
AD 2 VE wﬁm 2110’ A 2 vés wﬁw 210’ =<1 21

M2 oV
| EM+EA<.QV<H|QE+CvauTQD/\.u
0A
] \ o~ Ver+(VxB)= w
| 1 ”_sgcomo_ current B = mﬁmvmwu V = a\mﬂf
j=(Vix w@v les.\mmw + i€,
. he—y*—x
e y Net drag force ljet = —O ; (VB).,
) single Li jet h2 — 2
™ Lfilm = |q%aﬁ<mvw
L(VY.=((GxB)-e) =B =—i.B
B2 2 — 22
(V2= o————I(VB)J.B
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3 Surface tension instability

Metal jets exhibits a “sausage”-like instability due to the high surface
tension of the liquid metals

T khI}(kh) T T
= 1 — k2h2 maz | kh= = 0.3433,|-—— = 0.97 | —,
J\ /—\@wb NOAN.\NV A vu \v\ _\nb 0.697 \swb &wb

where T is the surface tension, & is the wave-vector, & is the radius and
d 1s the diameter of the jet.

Characteristics
of instability Li 300° C | Ga 300° C | SnLi 300° C
p 0.53 6.1 6.8 | [g/cm?]
T 380 700 500 ??7? | 1073[N/m]
M &w h—05cm 26.0 10.4|  8.3727?|1/sec
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4 Metal jets in a divertor

Power supply ® Fast jets are injected into a pipe with a pres-

Pressure from a pump f surized gas (e.g. D).

Li jet

® Gravity collects liquid metal at the bottom.

i jets

Pipe with Metal jets are ejected into X-point region.

pressurized D

® Metal jets are collected at the guide plate

(parallel to poloidal magnetic field) behind
Jext x B SOL.

Vacuum Jext . .
vessel — ® Then, metal is magnetically propelled the

y / Li magnetically guide plate toward the wall of VV.
TF i
propelled stream ¢ J x B force should be large enough to

expell the metal outside VV.

This scheme has no problems with lithium MHD.

Li velocities of the order of 20 S\mmo. corre-

. sponding to pressure drop of 1 atm can be re-
Separatri alistically obtained.

For lithium, all pressure drops, required for this

scheme, are of the order of several a{1mS only.
PLASMA Other liquid metals, like gallium or SnLi would
require at least an order of magnitude higher

/\/ pressure drops.

Axis of symmetry
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5 Power extraction

The temperature inside the body of the jet is determined by the thermo-
conduction equation

pc,VieT! = kVAT, (5.1)
where p, ¢,, « are the density, heat capacity and thermo-conduction of

the lithium, correspondingly, V.., is the speed of the jet and s is a coordi-
nate along the jet.

For lithium
J W
b ~ O@w .Q\O\B\qu @c ~ %w g Nm‘gu K >~ O%ﬂ iv AWMV
for gallium (300 — 700°C)
J %%
b ~ @H Q\QSwu Q@ ~ me g NQ“ K >~ O% iu A@wv
and for SnLi
J W
~ 0. 3 ~ (. ~ (033 —. 4
p~6.8g/cm’, ¢ ow@m%?u K owwnS.No (5.4)
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5 Power extraction (cont.)

Assuming one-side energy flux q and R.Nygren comments on impor-
tance of inclination of the magnetic field lines to the jets plane

wﬁ& wuoﬁ
+Q8ﬁ

B B

(indexes “pol” and “tor” stand for poloidal and toroidal components of

vectors) the final maximum temperature raise at the jet surface can be
written in the form

q = Gpol Awwv

DNJSaa — Q{pol

?S:&.w = % ) Awmv
jet

where L Is the energy deposition length, and factor « is a function of
ratio of the jet diameter to the thermal skin depth 6.,

d B, .
a =« A‘u P ﬁ spacing N@&Q%v . Oskin = VDtyansit, D= o (5.7)
%m\ﬁ.: ngﬁ bmﬁ
(D is the heat diffusion coefficient, D;; = 021 ¥, Dg, = 0.17 9%, Dg,p; =
0.19 mﬁv
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5 Power extraction (cont.)

Power extraction by the jets of Lithium, LiSn, Ga, crossing the X-point
region in the tokamak.

12 , ,
7w_omom between jet=0.5d 7

164 Bpol/Btor=0.025 - jets cross-sections
Tokamak divertors 0.05
0.075 I E
0.1

8
6 L n\ ﬁ_\ T T T
0.15
0.2 -pe
4 0 L
H\Z Y 0.3
22 S e |
L _—BpolBlor>>1 RFC
D ! ,w Power supply
0 2 4 .,m .,m 1,cm
g_pol, MW/m~2 | bieSstibed b

7 Space between jets=0.5d

Li magnetically
propelled stream

PLASMA

Axis of symmetry

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Bpol/Btor=0.025 0.05 0.075 0.1

0 . T T T
0 2 A4 6 8 1,cm

Concentration of the power deposition is highly unfavorable

PPL 15

ceroneusis - Leonid E. Zakharov, ALPS/APEX Meeting SNL, November 13, 2000




5 Power extraction (cont.)

Power extraction capability of lithium walls fits well reactor relevant wall
loadings, > 10 MW/m? In neutrons (distributed over the wall surface)

R=6 m, a=1.06 m, Quall = 3.9 wsa: = %ﬁ.mma@sa: ~ 1.3 GW

)
Sw

even with no reliance on the vortices in the streams.
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6 Temperature distribution and optimal size of jets

Fig.2. shows temperature distribution in lithium for L ~ 0.1 m and v =
20 m/sec for different diameters d = 2qa of jets in absence of mutual shad-

owing by jets.

LA wm JetTemp
Reference line E\\M\
a 0 a X 150 004 mm_ \
-
S 100
%/u -4 d=0.6 mm
B 7 -1 50 wn\\ps.\m\\\&w \
a) | b)

Fig.2. a) Jet geometry and the reference line; b)
Temperature profiles along the reference line after
assing SOL for B, = 0.
ppL Pa>SNY ! 17
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6 Temperature distribution and optimal size of jets (cont.)

Factor a(d/dé..,) IN EQ.(5.6) has been calculated numerically by solving
Eq.(5.1). Obligueness of heat flux leads to dramatic increase in « for
the same g,,.

a !

No space between jets 7

Bpol/Btor=0.025

/ 0.0

6 | W 0.075 B
0.1

0.15

02
0.25

~_____——Bpol/Btor>>

o , ,
, , , .
0 10 20 30 d/ dgkin

Fig.3a. Factor o for normal and oblique heat fluxes.

PPL 18

ceroneusis - Leonid E. Zakharov, ALPS/APEX Meeting SNL, November 13, 2000




6 Temperature distribution and optimal size of jets (cont.)

Separation of jets results in further increase of the o-factor.

Q
12 7 |
7m_omom. between jets = 0.5 d Q //(

Bpol/Btor=0.025

0.05
8- -

0.075

0.1

0.1

0.2

0.3

. —BpolBtor>>1

O ! ! !
, , , .
0 10 20 30 d/ dgkin

Fig.3b. Factor o for separated jets.
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6 Temperature distribution and optimal size of jets (cont.)

Fig.4a shows results of heat flux calculations for L = 0.1 m, V = 20 m/sec
with no space between lithium jets.

a 1

No space between jets 7

okamak divertors
Bpol/Btor=0.025 \ 0.05

N

0.075 —
0.1

g_pol, MW/m"2

No space between jets

Bpol/Btor>>1

20— —

o NS -

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

'Bpol/Btor=0.025 .
o ! | , o_AmEm_A Q_<m:oqm,

0 2 4 6 8 1,cm

Fig.4a. Factor o of EQ.(5.6) and poloidal energy flux ¢,,, corresponding
to AT,,... = 200°C, as functions of jet diameter.
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6 Temperature distribution and optimal size of jets (cont.)

Finite separation of lithium jets reduces power extraction.

a
HN | |
7 Space between jet=0.5 d
10— Bpol/Btor=0.025 B
Tokamak divertors 0.05
8— 0.075 |
0.1
@‘ -
0.15
0.2
[ . I
- 03
L _—BpoiBto>L RFC )
O T T T T
0 2 4 6 8 1, cm
g_pol, MW/m"2 ,

Space between jets=0.5d

Fig.4b. Factor « and poloidal energy flux g, for lithium as functions of
jet diameter.
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6 Temperature distribution and optimal size of jets (cont.)

Figs.4 indicate that only for B, = 0 (e.g., FRC case) the acceptable
energy flux is a weak function of the jet diameter.

For tokamaks, B, > B,,, the acceptable heat flux is significantly re-
duced and depends strongly on the jet diameter.

Lithium, gallium and SnLi have practically the same heat diffusion coef-
ficient D. For all of them the optimal diameter of jets is about 0.5 mm.

For a typical major radius R of the X-point of the SOL of 6 m and d ~
0.5 mm the mass flow A for lithium is
M = 2rpRLV ~0.16 xr (6.1)

SEeC

The mass flows for gallium and SnLi are correspondingly 11 and 13
times larger (due to higher density).
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6 Temperature distribution and optimal size of jets (cont.)

The resulting power extraction capabilities of lithium jets are very mod-
est

Psor =2mRLq ~ 30 MW. (6.2)

SnLi has the same vapor pressure at 600°C as lithium at its admissible
temperature 400°C. Assuming that 600°C is a temperature limit for SnLin,
its admissible AT ~ 300°C would be 1.5 higher than that for lithium. Be-
cause of 25 % smaller factor ,/=pc,, SnLi has only slightly (12 %) higher
power extraction capability than lithium.

Gallium has the same ,/zpe, as lithium. Its allowable AT remains yet
undetermined.
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6 Temperature distribution and optimal size of jets (cont.)

With the same power deposition length L, in order to increase power
extraction Pso; (and ¢), e.g. 2 times, the speed of the jets should be
Increased 4 times (with 16 times increase in the jet injection pressure).

On the other hand, simultaneous increase in L and Vv,, e.g., by a factor
2, would increase power extraction by the same factor 2.
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/ Summary

For a scheme of free surface jets, the maximum temperature increase
of the jet surface is determined by

AT, .. = a A%u N v Grol (7.1)

&m\ﬁ.s

where function o is presented on Figs.3a,3b and for tokamaks is a
strong function of jet diameter.

The optimal jet diameter corresponds to ~ 24,,;, and for lithium, gallium,
SnLiis 0.5 mm, wWhere surface tension instability can be very destructive.

For lithium and SnLi jets and for typical tokamak conditions power ex-
traction is, at best, ~ 30 MW with equivalent poloidal energy flux of the
order of 8 MW/m?.

Power extraction capability of jets is almost 2 orders of magnitude smaller
than that of the lithium streams on the inner walls which can handle
power fluxes (ATr; surface < 200° C)

MW
m? '
(distributed over the wall surface) and reactor relevant wall loadings P,.;

of the order of G s.
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